[1] Decadal sea-level variability along the coast of Japan and its relation to large-scale ocean circulation changes from 1993 to 2010 was investigated using tide-gauge and satellite-derived sea-level data. A singular value decomposition (SVD) analysis is performed between coastal sea levels of Japan and sea levels in the western North Pacific. The first SVD mode reveals that the northward shifts of the Kuroshio Extension (KE) jet and the Kuroshio southeast of Japan accompany the coastal sea-level rise in the early 2000s and 2010, and their southward shifts accompany the coastal sea-level fall in the late 1990s and the late 2000s. The shifts of the KE jet are induced by westward propagating Rossby wave from the eastern North Pacific, which is concentrated along the KE jet axis as jettrapped Rossby waves. The resulting sea-level changes along the coast of Japan show a strong spatial contrast. The sea-level fluctuation is quite large along the southeastern coast of Japan that is under the direct influence of the jet-trapped Rossby waves, and also large in the western coast of Japan, probably due to coastal waves that are excited by the incoming Rossby waves, but is small north of the KE jet latitude. Hence, the nature of the wave trapped by the KE jet produces an ''active zone'' and a ''shadow zone'' of coastal sea-level variability of Japan. Our results indicate that the correct representation of western boundary currents is necessary for reliable prediction of future coastal sea-level changes.
Introduction
[2] Long-term sea-level variability, especially sea-level rise has attracted much attention because of not only its importance on coastal environment and society but also a manifestation of the global warming [e.g., Church, 2001; Cazenave and Nerem, 2004; Merrifield et al., 2009; Nerem et al., 2010; Church et al., 2011; Vinogradov and Ponte, 2011; Sallenger et al., 2012] . Recent studies revealed from satellite altimeter observations that the global mean sealevel rise was about 13.1 mm yr 21 during the period 1993-2003 [Ishii et al., 2006; Bindoff et al., 2007; Suzuki and Ishii, 2011b] . Importantly, the sea-level rise is not globally uniform. During the satellite era, sea level tended to rise significantly in the western part of the Pacific and the eastern Indian Ocean, and tended to fall in the eastern Pacific and the western Indian Ocean [e.g., Cazenave and Nerem, 2004; Bindoff et al., 2007; Zhang and Church, 2012] . Upper ocean circulation changes in response to surface wind forcing induce this spatial dependency of the sea-level change in the Pacific [e.g., Qiu and Chen, 2006; Sasaki et al., 2008; Timmermann et al., 2010; Bromirski et al., 2011] . However, the relation between the ocean circulation changes in the Pacific and coastal sea-level changes is not fully understood. In particular, these relations are not straightforward in the midlatitude western Pacific [e.g., Holbrook et al., 2011] , where there are strong western boundary currents. In the case of the North Pacific, a large sea-level rise occurs in the North Pacific subtropical gyre from satellite observations [e.g., Cazenave and Nerem, 2004; Bindoff et al., 2007] . It is well known that the upper ocean changes associated with wind forcing propagate westward as a long Rossby wave [e.g., Anderson and Killworth, 1979; Qiu, 2003; Hong et al., 2000; Sasaki and Schneider, 2011a] . Recently, Sasaki et al. [2013] showed from satellite data that signals were propagating westward from the eastern North Pacific around 30 -40 N and becoming concentrated on the Kuroshio Extension (KE) jet axis as jet-trapped Rossby waves [Sasaki and Schneider, 2011a, 2011b] in the KE region in contrast to a traditional linear long Rossby wave theory [e.g., Anderson and Killworth, 1979; Gill, 1982] . One of the most likely places to be affected by these Rossby waves from the North Pacific subtropical gyre is the coast of Japan (see Figure 1a) , which is one of the most densely populated areas of the world. In addition, a large sea-level rise in the North Pacific subtropical gyre has been also predicted by climate model simulations of the global warming scenario [e.g., Meehl et al., 2007; Yin et al., 2010; Suzuki and Ishii, 2011a] .
Consistently, the OECD (Organization for Economic CoOperation and Development) report [Nicholls et al., 2008] selected three cities along the North Pacific coast of Japan as the top 20 cities ranked in terms of assets exposed to coastal flooding in the 2070s [see also Nicholls and Cazenave, 2010] . Therefore, clarification of the response of the coastal sea levels of Japan to sea-level changes of the North Pacific subtropical gyre is highly desired.
[3] Some observational and modeling studies have investigated sea-level changes along the coast of Japan on decadal and longer timescales. Senjyu et al. [1999] and Senjyu [2006] reported a bidecadal variation of coastal sea levels across all of Japan based on tide-gauge data, and Yasuda and Sakurai [2006] argued, using an ocean general circulation model, that this bidecadal variability was a result of westward propagation of linear long Rossby waves from the central and eastern North Pacific. Bidecadal oceanic anomalies may be forced by bidecadal atmospheric circulation anomalies, which were found to be correlated with the strength changes of Aleutian lows [Minobe 1999 [Minobe , 2000 Minobe et al., 2002] . Cui et al. [1995] showed a statistical relationship of decadal variability of coastal sea level along Japan to sea-level pressure fluctuations over the eastern North Pacific. Furthermore, the large meander path of the Kuroshio south of Japan [e.g., Kawabe, 1995] was shown to induce large sea-level changes along the southern coast of Japan [Kawabe, 1987; Senjyu et al., 1999] . Nevertheless, although the satellite altimeter data sets give information about ocean circulation changes, the response of the coastal sea level along Japan to ocean circulation changes has not yet been investigated using satellite data.
[4] The purpose of this paper is, therefore, to clarify sealevel variability along the coast of Japan in response to large-scale ocean circulation changes using observational data sets. In particular, we examine the spatial dependency of coastal sea-level changes around Japan and the causes of the spatial dependency. The rest of the present paper is organized as follows: observational sea-level data and the methods are reviewed in section 2. The spatial dependency of the coastal sea level of Japan and its relation to large-scale ocean circulation changes are examined in section 3. We summarize the results and discuss the importance of western boundary currents for future sea-level changes in section 4.
Data and Methods

Observational Data
[5] Monthly sea-level anomaly (SLA) and absolute dynamic height data were obtained from the satellite altimetry combined observations from TOPEX/Poseidon, ERS-1/2, Jason-1, and Envisat on a 1/3 3 1/3 Mercator grid from January 1993 to December 2010 from Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) [Ducet and Le Traon, 2001] . The absolute dynamic height data of this data set was determined by applying the mean dynamic topography [Rio and Hernandez, 2004] .
[6] To investigate sea-level variability along the coast of Japan, two tide-gauge data sets were employed. One was taken from the Permanent Service for Mean Sea Level (PSMSL) [Woodworth and Player, 2003] . We used monthly data during the period from January 1993 to December 2010, matched to the same period available from the AVISO data. The 95 stations along the coast of Japan employed in the present study are shown in Figure  1a and we do not include data from tide-gauge stations having more than 20% missing data during the period, or the Kobe II station data (34.68 N, 135.19 E) , which showed a sudden sea-level rise around January 1995, probably due to the Great Hanshin Earthquake. Correction for atmospheric pressure effects was applied to the tide-gauge data using the Japanese 25 year reanalysis/Japan Meteorology Agency Climate Data Assimilation System (JRA25/JCDAS) reanalysis product with 1.25 3 1.25 spatial resolution [Onogi et al., 2007] . Results are robust if instead sea-level pressure of the ERA-interim reanalysis [Dee et al., 2011] is used. The other tide-gauge data set was obtained from the Geodetic Observation Center in the Geospatial Information Authority of Japan. The sea levels of this data set are Figure 1a denotes climatology of the mean sea surface dynamic topography [Maximenko et al., 2009] , and the contour interval is 10 cm. available only after the early 2003, but are corrected not only for atmospheric pressure effects and tidal motion but also for vertical movement of the land using Global Positioning System (GPS) measurements [Miura and Kawamoto, 2012] . Hence, this data set provides the necessary information to determine whether the observed sea-level changes are induced by land movements. This data set gives daily sea-level values for 25 stations (Figure 1b) . We calculate a monthly mean value for all months for which data for 15 days or more were available in a month. If there are less than 15 days of data in a month, the value of that month is missing.
Methods
[7] To understand the relation between sea-level variability along the coast of Japan and in the western North Pacific, we employed singular value decomposition (SVD) analysis, which extracts maximum covariability based on a covariance matrix constructed from two variables [Bretherton et al., 1992] . In this study, one variable is SLAs of the altimeter data in the western North Pacific (25 -50 N, 125 -165 E) , and the other variable is SLAs of the PSMSL tide-gauge data along the coast of Japan (Figure 1a) . Before the analysis, the coastal sea levels are normalized by the standard deviation of each tide-gauge station to achieve similar weighting for data from each station. We will show a heterogeneous map for the coastal sea level and a homogeneous map for the large-scale SLAs, because this representation produces a linear relation between the two variables [Czaja and Frankignoul, 2002] and makes it possible to quantitatively compare the two variables. The statistical significance of the correlation coefficients were estimated by a Monte-Carlo test using 1000 random time series that are made by a phase randomization technique [Kaplan and Glass, 1995] . In this technique, surrogate time series are produced using observed spectrum and randomized phases and, thus, timescales in the original time series are preserved in the surrogate ones.
[8] Since our focus is a long-term sea-level fluctuation in addition to globally uniform sea-level rise, the global mean linear sea-level trend during the satellite era of 13.0 mm yr 21 , which is estimated from the satellite SLA data, is removed from all sea-level data. This is equivalent to the assumption that coastal sea-level variability along the coast of Japan is the sum of a globally uniform trend and regional-dependent variability. This method can also give us insight into regional sea-level rise. Figure 2 shows a histogram of linear sea-level trends at each station along the coast of Japan of the PSMSL data set. The mean and median values of these sea-level trends are 12.94 and 13.37 mm yr
21
, respectively, and are close to the global mean linear sea-level trend. Thus, our assumption is likely to be reasonable. Note that the spatial pattern of these trends is not well organized (not shown). Also, we checked the linear trend along the coast of Japan before the satellite observations. The mean and median values of the sea-level trends along the coast of Japan from 1961 to 2003 are 11.43 and 11.62 mm yr
, respectively, although the number of the stations decreases from 95 to 59. These values are comparable to the global mean sea-level trend (e.g., 11.8 6 0.5 mm yr
) [Bindoff et al., 2007] . Hence, our assumption seems to be true at least from 1961. In addition to removing the global mean linear trend, we subtract monthly mean climatology from each sea-level time series, and all sea-level time series are smoothed with a 9 month running mean filter to remove intraseasonal variability.
Results
Dominant Sea-Level Variability in the Western North Pacific
[9] To clarify the relation between sea-level changes along the coast of Japan and in the western North Pacific, we performed the SVD analysis. Figure 3 shows the time series of the first SVD mode, which explains 60.3% of the squared covariance between the two data sets, three times the squared covariance explained by the second SVD mode (17.8%). Thus, we only consider the leading SVD mode. Note that this first SVD mode is essentially the same even if respective linear trends at individual stations are removed. The two time series of the first SVD mode are well correlated (r 5 0.76) and exhibit prominent decadal variability, which is especially true of the time series for the satellite data (hereafter TA1). The values of the two time series in the first SVD mode were generally greater than the mean in the early 2000s and 2010, and less than [Senjyu et al., 1999; Yasuda and Sakurai, 2006] or 18.6 year tidal cycle [e.g., Gratiot et al., 2008] . The time series for the tide-gauge data also exhibited interannual variability that was superimposed on the decadal variability. The linear trends of both time series were not statistically significant at the 95% confidence level, partly because the global mean sea-level trend had been removed from all sea-level time series prior to conducting the SVD analysis. Nevertheless, it is worthwhile to note that these time series show an apparent linear trend component due to the decadal nature of the increase and decrease. For example, TA1 shows a linear trend of 13.69 3 10 22 yr 21 from 1993 to 2010. This trend component contributes a sea-level rise during the satellite era and will be further discussed in section 4.
[10] We also separately used empirical orthogonal function (EOF) analysis to examine the dominant sea-level variability along the coast of Japan and in the western North Pacific. The first EOF modes of the coastal sea levels along Japan (PSMSL data) and SLAs in the western North Pacific (altimeter data) account for 43.8% and 22.1% of total sealevel variance, respectively (not shown). The corresponding principal component of the first EOF mode of coastal sea level is highly correlated with the time series for the tide-gauge data of the first SVD mode (r 5 0.98). Similarly, the principal component of the first EOF mode of SLAs in the western North Pacific is highly correlated with the time series of the satellite of the first SVD mode (r 5 0.93). Therefore, the first SVD mode shown in Figure 3 captures the dominant covariability between along the coast of Japan and in the western North Pacific.
[11] It is informative to note the relation of the TA1 with climate indices. We estimated the lag-correlation coefficients of TA1 with the Pacific Decadal Oscillation (PDO) [Mantua et al., 1997] and North Pacific Gyre Oscillation (NPGO) [Di Lorenzo et al., 2008] indices, which are two dominant modes in the North Pacific. The PDO index is correlated with TA1 (r 5 20.50, significant at 95% confidence level), when TA1 lags by 36 months. The NPGO index is also correlated with TA1 (r 5 0.76, significant at 95% confidence level), when TA1 lags by 22 months. Hence, TA1 are related to both modes. Nevertheless, it is difficult to separate the effects of the two climate modes, because the PDO index is correlated with the NPGO index during the satellite era [e.g., Qiu and Chen, 2010] .
Coastal Sea-Level Variability
[12] The heterogeneous correlation coefficients of the coastal sea levels of the PSMSL tide-gauge data onto TA1 exhibit in-phase coastal sea-level fluctuations with strong spatial dependency (Figure 4a) . Large, positive correlation coefficients are found along the southeastern coast of Honshu, which is Japan's largest island. In addition, the correlations in the western part of Japan are generally positive and statistically significant. On the other hand, the correlations along the eastern coast of Honshu north of 36 N and the entire coast of Hokkaido, the second largest island of Japan, are quite weak and statistically insignificant. Around the southeastern coast of Honshu (enlarged view in Figure  4c ), which is the most densely populated area of Japan, the correlations are generally large and their spatial contrast is quite clear over the Boso Peninsula with strong and weak correlations to the west and east, respectively, of the southern tip of the peninsula. It is worth noting that the homogeneous correlation map of the coastal PSMSL tide-gauge sea-level data onto the time series for the tide-gauge data of the first SVD mode also shows a similar spatial pattern (not shown). Thus, this spatial pattern represents dominant sealevel variability of the coast of Japan. This spatial contrast will be further discussed later.
[13] Consistently, the spatial distribution of the heterogeneous regression coefficients along the coast of Japan (Figure 4b) is quite similar to that of the heterogeneous correlation coefficients (Figure 4a ). The highest sea-level change is found along the southeastern coast of Honshu with an amplitude of 30 mm (Figure 4d ). The SLAs in the western coast of Japan were moderate with amplitudes of 10 to 20 mm. Hence, this spatial structure indicates that sea-level rise occurred along the coast of Japan in the early 2000s and 2010, while sea-level fall occurred in the late 1990s and the late 2000s (Figures 3 and 4) .
[14] As an example of the large coastal sea-level fluctuations associated with the first SVD mode, Figure 5 shows the PSMSL time series of sea-level data along the southeastern coast of Japan at the Shimizu-minato station (35.01 N, 138.52 E) and the Yaizu station (34.87 N, 138.33 E), the locations are shown in Figure 4d . The SLAs at these two stations show essentially the same temporal changes as TA1 in that sea level was high in the early 2000s and 2010 and low in the 1990s and the late 2000s, and all SLAs were highly correlated with TA1 (r 5 0.76 and 0.87). The corresponding regression coefficients of the Shimizu-minato and Yaizu stations are 33.4 and 40.0 mm, respectively. Since the global mean sea-level rise of 13.0 mm yr 21 had already been subtracted from the tide-gauge data, long-term sea-level variability of these two stations is well explained by the sum of a globally uniform sea-level rise and the ocean circulation changes associated with the first SVD mode.
[15] The GPS corrected tide-gauge data confirm this spatial dependence (Figure 6 ), although the density of these tide-gauge stations is less than the distribution of PSMSL tide-gauge stations. The large SLAs are found along the southeastern coast of Japan, consistent with those of the PSMSL tide-gauge data (Figure 4) . The amplitude of the regression coefficients in this region is also similar to that of the PSMSL data. Furthermore, the correlation coefficients along the eastern coast of Japan were not statistically significant and, thus, a great spatial contrast in the correlations was also found between the eastern coast and southeastern coast of Honshu. The regression and correlation coefficients of the GPS corrected SLAs onto the time series for the tide-gauge data of the first SVD mode show a great spatial contrast (not shown). Note that because the period of the GPS corrected data is shorter than that of the PSMSL data, the correlation coefficients in Figure 6a tend to be larger than those in Figure 4a . Therefore, we can conclude that the spatial dependence of SLAs along the coast of Japan determined from the PSMSL data does not result from vertical movements of the land.
[16] Great spatial differences in the correlations over the Boso Peninsula and around the southeastern coast of Honshu are shown in Figures 4c and 6a . A closer look at this area shows that the sea-level variability of the Mera station (34.92 N, 139 .83 E) is highly correlated with TA1, but the sea-level variability at Katsuura (35.13 N, 140.25 E), which is only about 44.7 km northeast of the Mera station, is not statistically correlated with TA1 (their locations are shown in Figure 4d) . Further, the sea-level variations along the southeastern coast of Honshu and west of the Mera station were well correlated with TA1, while those north of the Katsuura station were not correlated with TA1. Consistently, the correlation between the GPS corrected sea-level variability at Katsuura and TA1 is quite small (r 5 0.20; Figure 6a ). In addition to the first SVD mode, the standard deviation of sea level from the PSMSL data shows the similar large contrast along the southeastern coast of Japan (Figure 7 ). This result supports the great spatial differences there. Because the southeastern coast of Honshu is close to the separation point of the Kuroshio from Japan (see Figure 1) , this large spatial contrast of sea-level change is expected to result from changes in the Kuroshio and the KE, which will be examined in the next subsection.
Changes in Ocean Circulation
[17] To understand the relation between the decadal sealevel variability along the coast of Japan and large-scale ocean circulation changes, we calculated the regression coefficients of the satellite-derived SLAs against TA1 (Figure 8) . The strong positive SLAs, which had maximum amplitudes of about 20 cm, were located along the KE jet (also see Figure 1a ) and are sandwiched by weak negative SLAs to north and south. The positive SLAs also extend westward to the south of the southeastern coast of Honshu, where the Kuroshio separates from the coast of Japan. The regression map of SLAs onto the time series for the tidegauge data of the first SVD mode exhibits a similar pattern (not shown). The fact that the large SLAs confined along the KE jet axis suggests its meridional shift. In addition, the positive SLAs located to the south of the southeast of Honshu are also related to the northward shift of the Kuroshio path there, suggesting covariation between the Kuroshio path and the KE jet path [e.g., Sugimoto and Hanawa, 2012] . This sea-level change is not related to the large meander path of the Kuroshio south of the coast of Japan, which causes large sea-level changes along the southern coast of Japan [Kawabe, 1987; Senjyu et al., 1999] . This more northward path of the Kuroshio around the southeastern coast of Japan appears to be consistent with the large coastal positive SLAs there (Figure 4b ).
[18] TA1 is strongly related to the latitude of the KE jet averaged over 140
-165 E (r 5 0.89; Figure 9 ). The latitude of the KE jet is defined by the isopleth of sea surface height that has a maximum surface velocity [for further information, see Sasaki et al., 2013] . Thus, the first SVD mode captures the meridional shifts of the KE jet on decadal timescales. The regression coefficient between the two time series is 0.40 . This result suggests that when the KE jet shifts northward by 1 , the sea level at Yaizu and Shimizu-minato raise by about 10.0 and 8.4 cm, respectively (see Figure 5) . Note that TA1 leads the strength change of the KE jet by 5 months (r 5 0.83; not shown). This is consistent with the results of Sasaki et al. [2013] , who showed that the northward (southward) shift of the KE jet leads to the strengthening (weakening) of the jet. From an inspection of Figures 4d and 8 , this strengthening of the KE jet is likely accompanied by the strengthening of the Kuroshio near the southeastern coast of Japan. This strengthening of the Kuroshio may act to reduce the positive SLAs along the southeastern coast of Japan, because the strengthening of the Kuroshio is generally related to negative coastal SLAs [e.g., Imawaki et al., 2001] .
[19] What mechanism is responsible for the meridional shifts of the KE jet? Decadal variability in the KE region is primarily attributed to westward propagating signals from the central and eastern North Pacific [e.g., Schneider and Miller, 2001; Qiu, 2003; Kwon and Deser, 2007; Taguchi et al., 2007; Sasaki and Schneider, 2011a] . To investigate westward propagating signals, we calculated lead-lag regression coefficients of SLAs in the North Pacific onto TA1 ( Figure 10 ). As previously reported and showed a similar figure [Sasaki et al., 2013, Figure 6 ], the positive SLAs emerged in the eastern North Pacific 3 years before the shift of the KE jet (Figure 10b ), and this signal propagated westward (Figures 10c-10e) . Although this westward propagation appears to resemble the traditional long Rossby wave feature [e.g., Wu and Liu, 2002; Yasuda and Sakurai, 2006] , whose importance has been suggested by previous studies Figure 6 . Same as Figure 4 , but for the tide-gauge sea-level data obtained from the Geodetic Observation Center in the Geospatial Information Authority of Japan. [e.g., Cui et al., 1995; Yasuda and Sakurai, 2006] , traditional long Rossby waves cannot explain the westward amplitude increase accompanied by meridional scale decrease with the signal concentrating on the jet axis during the propagation. Sasaki et al. [2013] reported that this concentration of the SLAs on the KE jet can be explained by the jet-trapped Rossby waves [Sasaki and Schneider, 2011a] and results from the interaction of the waves with the KE jet. The jet-trapped Rossby wave propagates westward along the jet axis as meridional shifts of the jet, and induces meridional shifts of the upstream jet [Sasaki and Schneider, 2011a; Sasaki et al., 2013] . Therefore, the jet-trapped Rossby wave propagating from the eastern North Pacific yields the decadal sea-level variability along the coast of Japan.
[20] This incoming Rossby wave is consistent with the positive SLAs along the coast of the western Japan ( Figure  4) . Response of coastal sea levels to incoming Rossby waves has been investigated by many studies [e.g., Liu et al., 1999; Firing et al., 1999; Wu and Liu, 2002; Tsujino et al., 2008] . After reaching the eastern coast of Japan, the incoming Rossby wave is expected to propagate southwestward along the coast of Japan as Kelvin and coastal trapped waves, part of which reach to the western part of Japan [Wu and Liu, 2002; Tsujino et al., 2008] . This mechanism is consistent with the coastal sea-level changes observed along the western coast of Japan (Figure 4) . It is worth noting that the presence of the KE jet produces an ''active zone'' and a ''shadow zone'' in terms of coastal sea-level variability (Figure 11) . Initially, the SLAs in the eastern North Pacific have a large meridional scale (Figure 10b ). If there was no KE jet, an incoming Rossby wave would keep a large meridional structure, and would hit the eastern coast of Japan [Wu and Liu, 2002] . Under this mechanism, the Rossby wave would affect sea-level variability along the entire eastern coast of Honshu, and the resultant sea-level change would be higher in the southern part of Japan due to the cumulative effect of the incoming Rossby waves [Tsujino et al., 2008] . However, the initial large-scale SLAs in the eastern North Pacific concentrate onto the KE jet axis in the course of propagation as a jet-trapped Rossby wave (Figure 10 ), and do not enter the north of the KE region [Sasaki et al., 2013] . Furthermore, even if a part of SLAs in the eastern North Pacific is not trapped by the KE jet, the linear long Rossby waves do not propagate into the north of the KE region [e.g., Qiu, 2003] . Hence, there is only small influence of incoming Rossby waves on the eastern coast of Honshu. Because the amplitude of coastal waves is determined by incoming Rossby waves from the east [e.g., Liu et al., 1999; Wu and Liu, 2002; Tsujino et al., 2008] , and because coastal waves propagate with the coast to its right in the northern hemisphere, the eastern coast of Honshu becomes the shadow zone. Furthermore, since the Kuroshio path around the separation point from the coast of Japan also shifts northward associated with the northward shift of the KE jet (Figure 8 ), the coastal sea-level change is the largest along the southeastern coast of Honshu (active zone in Figure 11 ).
Summary and Discussion
[21] Decadal sea-level variability along the coast of Japan and its relation to large-scale ocean circulation changes from 1993 to 2010 were investigated by conducting SVD analysis on two tide-gauge data sets (Figure 1 ) and a satellite altimeter data set. The first SVD mode between the coastal sea levels of Japan and SLAs in the western North Pacific exhibited prominent decadal variability, which shows a coastal sea-level rise in the early 2000s and 2010 and a coastal sea-level fall in the late 1990s and the late 2000s (Figure 3 ). These coastal sea-level variations are not spatially uniform, but have a large spatial contrast (Figure 4) . The sea-level changes were at a maximum along the southeastern coast of Honshu and were also large along the western coast of Japan (Figures 4 and 5) . On the contrary, the sea-level change along the eastern coast of Honshu and the coast of Hokkaido was quite small. A similar spatial pattern of the coastal sea-level change was obtained from the GPS corrected tide-gauge data ( Figure 6 ) and the standard deviation of sea level from the PSMSL data ( Figure 7) . Thus, this strong spatial dependency of the coastal sea-level change of Japan does not result from vertical land movement and is attributed to large-scale ocean circulation changes.
[22] The large-scale ocean circulation changes corresponding to these coastal sea-level fluctuations are confined along the KE jet and the Kuroshio southeast of Japan (Figure 8 ), indicating meridional shifts of these western boundary currents on decadal timescales (Figure 9 ). This decadal displacement of the KE jet is induced by jettrapped Rossby waves propagating from the eastern North Pacific (Figure 10 ), as previously reported by Sasaki et al. [2013]. Since the waves propagate southwestward along the coast of Japan as Kelvin and coastal trapped waves after reaching the western boundary [e.g., Wu and Liu, 2002; Tsujino et al., 2008] , the sea-level change along the North Pacific coast of Japan is large and quite small south and north of the KE jet latitude, respectively. Hence, the nature of the wave trapped by the KE jet results in the large sealevel change along the southeastern coast of Honshu (Figures 4c and 4d) , which is the most densely populated area of Japan (Figure 11 ). Since the linear sea-level rise of 3.0 mm yr 21 is subtracted before the analysis (Figure 2 ), sealevel change along the coast of Japan from 1993 to 2010 is understood as the sum of the uniform sea-level rise of 3.0 mm yr 21 and the decadal sea-level variability caused by the incoming jet-trapped Rossby waves from the east.
[23] The decadal sea-level fluctuations captured by the first SVD mode contribute to the sea-level rise in the western North Pacific during the satellite observation period. The decadal variations of TA1 have an apparent linear trend of 13.69 3 10 22 yr 21 during the period from 1993 to 2010 (Figure 3) , as mentioned in section 3.1. Since the corresponding regression coefficients of SLAs are about 20 cm in the KE region (Figure 8 ), the first SVD mode induces an apparent sea-level trend with amplitude of about 17.38 mm yr 21 in the KE region, which is twice the global mean sea-level rise in the same period.
[24] The findings of this study have implications for future coastal sea-level changes. As mentioned in the introduction, climate modeling studies suggest that the sea level in the subtropical North Pacific is projected to rise substantially under a global warming scenario [e.g., Meehl et al., 2007; Yin et al., 2010] . Consistently, the results of the multimodel ensemble mean of the Coupled Model Intercomparison Project phase 3 (CMIP3) model suggest that the KE jet will shift about 0.6 north in the 2060s-2090s compared to the position observed in the 1960s-1990s [Sueyoshi and Yasuda, 2012] . If this is the case, the sea level around the southeastern coast of Japan may rise as much as 7.0 cm (see Figure 4c) , because when the KE jet shifts northward by 1 , the sea-level rise at Yaizu is by about 10.0 cm, as mentioned in section 3.3. This sea-level rise might superimpose globally uniform sea level rise (e.g., about 30.0 cm; if the trend in sea-level rise is assumed to be the same as that from 1993 to 2010) and decadal sea-level fluctuations, e.g., the first SVD mode shown in Figure 3 . However, the future response of the KE jet to these sea-level changes has a large uncertainty. There is a large spread of the KE jet shift across models from about 2.2 to about 20.5 [Sueyoshi and Yasuda, 2012] . It is also uncertain whether the KE jet accelerates [e.g., Sakamoto et al., 2005] or shifts northward [e.g., Sato et al., 2006] for twenty-first century climate projections mainly due to the difference of atmospheric response to the global warming [Sueyoshi and Yasuda, 2012] . The response of the sea level depends on not only models but also the spatial resolution of the ocean general circulation model . Our results indicate that the correct representation of western boundary currents in an ocean model is necessary for the reliable prediction of the future coastal sea-level changes. Reasonable choices for this purpose are downscaling using a regional ocean model that includes the entire western boundary current (e.g., west of 180 in the KE jet).
